Abstract-In this letter, the occupancy and tunneling probabilities of interband tunneling devices are studied, pointing out the fundamental function of the source Fermi-Dirac distribution. Particularly, the reason for the degraded subthreshold swing, which is typical of devices with highly doped source, is explained, and its relation with the high-energy source Fermi tail is carefully analyzed. Simultaneously, the poor driving capability of Tunnel-FET devices is investigated, highlighting the primary role played by the occupancy functions.
I. INTRODUCTION
T HE features of an optimized low-voltage switch are low I OFF , steep Subthreshold Swing (SS), and reasonably high I ON . Although the small leakage current is an intrinsic property of the reverse biased p-i-n Tunnel-FET (TFET) structure, the prerequisites for a steep switching slope and acceptably large driving capabilities are still sometimes not well understood.
In a TFET device, the mechanism regulating the carrier injection from source to channel is the quantum mechanical band-to-band tunneling (BTBT), and a lot of effort has been devoted to the understanding of the drain current dependence on the tunneling probability modulation, in terms of tunneling distance, effective masses, electric field, and device architecture [1] - [4] .
A general expression for the interband tunneling current flowing from the originating region "1" to the destination region "2" can be expressed as follows [5] :
where P T , f i , and G i are, respectively, the tunneling probability, Fermi-Dirac distributions, and densities of states (DOS) in the respective regions. Although sometimes overlooked, (1) [6] . The surface band diagram along the current transport direction at the source/channel interface (cut at 0.2Å below the Si/HfO 2 interface) is also shown, together with the source ( f s ) and channel ( f ch ) Fermi-Dirac distributions.
For small tunneling windows, the DOS can be considered almost independent of the energy; in this case the total tunneling current becomes [5] - [7] as follows:
To gain a deeper insight on the role of the Fermi-Dirac distributions, we assume for the first part of this analysis that the tunneling probability is equal to 1 for all the energies between the minimum of the channel conduction band, C B ch,min , and the maximum of the source valence band, V B s,max (i.e., P T = 1 within the tunneling window) and zero otherwise. In addition, if we consider a V DS larger than three times the thermal voltage k B T /q, the electron quasi-Fermi level of the channel makes f ch negligible with respect to f s . Under these hypotheses, (2) can be further simplified as follows:
where F j is the complete Fermi integral of order j , and γ and ν are, respectively, defined as:
with E F p,s the hole quasi-Fermi level in the source. Assuming the main contribution to the drain current is due to the tunneling current, the SS dependence on the source Fermi-Dirac distribution, from (3), can be expressed 0741-3106/$31.00 © 2013 IEEE as follows:
III. RESULTS AND DISCUSSION Equation (5) shows that according to the degeneracy of the source doping (that affects E F p,s − V B s,max ), the TFET SS dependence on the Fermi distribution function exhibits different trends. Particularly, assuming an ideal gate coupling so that the channel conduction band moves one-to-one with the gate voltage modulation [8] , the following different cases can be distinguished (see Fig. 2 ).
1) V B s,max < E F p,s
: that is the case of a source doping level ranging from nondegenerate up to weakly degenerate. In this case, (5) has a trend equal to
Thus, in agreement with [9] , starting from 0 mV/dec (band profile such that V B s,max = C B ch,min ), the SS shows linearly increasing values when the channel conduction band energy is progressively decreased. 2) V B s,max > E F p,s + 3k B T : this case corresponds to a highly degenerate source doping. Also in this case the SS will show progressively increasing values starting from 0 mV/dec (for C B ch,min = V B s,max ). However, when C B ch,min < E F p,s − 3k B T , SS is proportional to
A particular comment is deserved by the case of V B s,max E F p,s + 3k B T , that is the case of an extremely highly degenerate source doping. In this case, when the channel conduction band lies in the range 3k B T < C B ch,min < V B s,max − 3k B T , (5) leads to SS ≈ k B T q · ln(10) = 60 mV/dec at T = 300 K. (8) As a general remark (see Fig. 2 ), it should be observed that while in the highly degenerate source doping case the allowed tunneling energy offering a sub 60 mV/dec is approximately 3k B T , in the case of a weakly-or nondegenerate source doping [see (6) ] the 60 mV/dec limit is already reached within a narrower tunneling window equal to k B T . Thus, as far as the sole Fermi-Dirac distribution is concerned, the larger source doping is the case in which the TFET offers a wider allowed energy window (i.e., a larger gate voltage sweep) where the SS would show sub 60 mV/dec values. Separate contribution of the occupancy (3) and tunneling (9) probabilities (top) and their combined product (bottom), during the initial V G S sweep, for the two TFETs whose transfer characteristics and energy band diagrams are shown in Fig. 1 .
The trend discussed so far seems however to be in contradiction with the simulations showed in Fig. 1 . To better understand the reasons for this, Fig. 3 shows the separate contributions of the occupancy [see (3) ] and the tunneling probabilities P T [see (9) ], for each specific case. To this purpose, without any loss of generality, P T is calculated as follows [10] :
where E is the tunneling energy, x h and x e are the spatial coordinates, respectively, at the beginning and at the end of the tunneling path and m r is the reduced effective mass. This figure shows that neither the sole analysis of the FermiDirac distribution, nor the study of the tunneling probability alone can be used to predict the subthreshold behavior of a TFET device. Indeed, it is the product of these two that determines the overall device behavior.
Particularly, to have a steep turn-on transfer characteristic the BTBT current (that is the gate-modulated current) must be larger than the constant off-current leakage. As the occupancy functions are gate-voltage independent, the tunneling current variation depends on the tunneling probability modulation caused by V G S . However, a large tunneling probability modulation does not necessarily translate into an efficient drain current modulation if it takes place in a region where the product tunneling times occupancy probability is small.
As a further remark, this analysis highlights that TFET oncurrent boosters aiming to increase the tunneling probability might not be properly exploited if the increased barrier transparency is located outside an energy range where the difference of the source and channel occupancy functions is almost close to one [that is outside of the energy range (E Fn,ch − 3k B T ) < E < (E F p,s +3k B T ), see Fig. 1(d) ]. As an example, the top-right side of Fig. 3 shows that the narrower tunneling junction offered by a larger source doping does not translate into an appreciable drain current increase because of the lack of carriers (that is small occupancy probability) at the thinner tunneling barrier (that is large tunneling probability) location.
Hence, although in conventional planar all-silicon TFETs there is a tradeoff between larger on-current and steep SS, future research targeting improved SS and drive capability TFETs should look toward solutions able to jointly engineer occupancy and tunneling probabilities. The relative position of the tunneling barrier with respect to the occupancy functions and the effectiveness of the gate voltage in modulating its shape and dimensions depends on several architectural and material parameters such as the source and channel dopings and ratio of their dielectric constants, difference in their electron affinity and gate coupling. Finally, also nonconventional device architectures could represent a pathway fulfilling the aforementioned requirements.
IV. CONCLUSION
In this letter we have demonstrated that the understanding, modeling, and device optimization of TFETs cannot be properly performed without jointly studying the occupancy functions and the tunneling probability. We have pointed out that an efficient tunneling barrier modulation is just a necessary condition for steep SS TFETs, but it is not sufficient if it does not correlate with the range of energies where the tunneling times occupancy probability reaches its maximum. Finally we have highlighted that on-current boosting strategies solely based on a larger tunneling probability might not be well-exploited if they are not located in an energy range where there is high availability of carriers (in the source) and empty states (in the channel) from which and into which to tunnel.
